Abstract. The present study is focused in two directions. In the first part, BaFe (1−x)−0.01 Al 0.01 Ta x O 3−δ (BFATx) thick films with a Ta content between 0.1 and 0.4 were manufactured using the novel room temperature coating method "aerosol deposition" (ADM), and its material properties were characterized to find the best composition of BFATx for temperature-independent oxygen sensors. The material properties "Seebeck coefficient" and "conductivity" were determined between 600 and 800 • C at different oxygen partial pressures. BaFe 0.69 Al 0.01 Ta 0.3 O 3−δ (BFAT30) was found out to be very promising due to the almost temperatureindependent behavior of both the conductivity and the Seebeck coefficient. In the second part of this study, films of BFAT30 were prepared on a special transducer that includes a heater, equipotential layers, and special electrode structures so that a combined direct thermoelectric/resistive oxygen sensor of BFAT30 with almost temperature-independent characteristics of both measurands, Seebeck coefficient and conductance could be realized. At high oxygen partial pressures (pO 2 > 10 −5 bar), the electrical conductance of the sensor shows an oxygen sensitivity of m = 0.24 (with m being the slope in the logσ vs. logpO 2 representation according to the behavior of σ αpO m 2 ), while the Seebeck coefficient changes with a slope of −38 µV K −1 per decade of pO 2 at 700 • C. However, at low pO 2 (pO 2 < 10 −14 bar) the conductance and the Seebeck coefficient change with pO 2 , with a slope of m = −0.23 and −21.2 µV K −1 per decade pO 2 , respectively.
Introduction
In order to minimize environmental pollution and to increase air quality, combustion processes, e.g., in internal combustion engines or gas burners, have to be controlled. Since there is a relationship between the equilibrium oxygen partial pressure in the exhaust or flue gas and the air-to-fuel ratio, combustion processes can be monitored by measuring the oxygen concentration (Riegel, 2002) . Potentiometric solid-state electrolyte oxygen sensors, e.g., applied as socalled lambda probes in harsh automotive exhaust environments, show a very good stability but they need a stable reference atmosphere (Guth and Zosel, 2004) . Amperometric oxygen sensors, which do not need reference gas, are not cost-effective due to their more complex design (Ivers-Tiffée et al., 2001) . Another alternative to the above-mentioned potentiometric and amperometric oxygen sensors at high temperatures and in harsh environments are resistive-type sensors with their relatively inexpensive simple design (Moos et al., 2011) . Film-type resistive oxygen gas sensors based on semiconducting metal oxides like SnO 2 (Sakai et al., 2001) , TiO 2 (Logothetis and Kaiser, 1983) , SrTiO 3 (Gerblinger et al., 1995) , Ga 2 O 3 (Fleischer and Meixner, 1991) , or other materials have been intensively investigated. The resistivity of the gas sensing films R sensor changes with the analyte concentration of the ambience. In the case of oxygen as the analyte, the oxygen partial pressure, pO 2 , is of relevance (Eq. 1):
In Eq. (1), E A is the activation energy for conduction, k B the Boltzmann constant, and T the temperature. The exponent m is a measure for the oxygen sensitivity of the sensor or the sensor material. As can be seen from Eq. (1), the resistance of the sensor material does not respond only to the oxygen concentration of the atmosphere but it also changes with temperature. Only a limited number of semiconducting oxides have been found that show a low or even negligible temperature dependency of the resistance, such as La 2 CuO 4 (Blase et al., 1997) (Rothschild et al., 2005) , and BaFe 1−x Ta x O 3−δ (BFT) (Moseley and Williams, 1989) . Since the most investigated sensor material STF35 is not stable towards sulfur oxide poisoning (Rettig et al., 2004) and decomposes under rich conditions, we recently focused on BFT (Bektas et al., 2014a, b) as a temperature-independent oxygen sensor to control combustion processes. On the other hand, the measurand "sensor resistance" is not only dependent on the material property "resistivity" but also depends on the film geometry and on the film morphology (Rettig and Moos, 2007a) . Abrasion, cracks, or particle sintering may affect the sensor resistance and, hence, may reduce long-term stability, which is a key issue for industrial application of resistive gas sensors.
In contrast to resistive gas sensors, in direct thermoelectric gas sensors (DTEGS), the Seebeck coefficient S is measured. The Seebeck coefficient S is a material property that depends on the analyte concentration. To obtain a thermoelectric voltage U GSF , a temperature difference T has to be applied between two electrodes of the sensor film.
Since U GSF is a path-independent quantity, U GSF is less affected by cracks or abrasion and DTEGS offer a far better long-term stability than resistive devices of the same material (Rettig and Moos, 2007b) . DTEGS have already been successfully demonstrated for materials like SrTi 0.6 Fe 0.4 O 3−δ (STF40), a material that is also known as a temperature-independent resistive oxygen sensor material (Rettig and Moos, 2007a) , for SnO 2 (Ionescu, 1998; Rettig and Moos, 2007b) , or Li-doped NiO (Matsumiya et al., 2002) for hydrogen gas sensing. Rettig and Moos (Rettig and Moos, 2008) pointed out that most of the materials for resistive gas sensing are also good candidates for DTEGS, since the Seebeck coefficient and resistivity of a material change simultaneously with the concentration of mobile charge carriers. The latter are dependent on the analyte concentration. Especially for oxide materials, the Seebeck coefficient, which in literature is sometimes also referred to as thermopower, is an important parameter to determine charge carrier densities to determine constants for defect chemical models of these semiconductor materials; see e.g., Jonker (1968) , Choi and Tuller (1988) , and Rothschild et al. (2005) .
In this study, we focus on BaFe (1−x)−0.01 Al 0.01 Ta x O 3−δ (abbreviated as BFATx). The study is focused in two directions. In the first part, BFATx thick films with a Ta content of x = 0.1-0.4 were manufactured using the novel room temperature coating method "aerosol deposition" (ADM or AD method), and their material properties Seebeck coefficient and conductivity were determined between 600 and 800 • C at different oxygen partial pressures. The ADM allows dense ceramic coatings to be produced completely without any high-temperature processes directly from an initial bulk powder on almost any substrate material. Further details on the ADM are given for instance in the reviews of Akedo (2004 Akedo ( , 2006 or Hanft et al. (2015) .
In the second part of this study, films were prepared on a special transducer that includes a heater, equipotential layers, and special electrode structures so that a combined direct thermoelectric/resistive oxygen sensor of BFAT30 with almost temperature-independent characteristics of both measurands, S and R, could be realized. (Alfa Aesar, 99 %) as starting materials. To obtain BFAT powders, the raw materials were calcined at 1350 • C in air for 15 h. Detailed information on the powder preparation can be found in an earlier publication (Bektas et al., 2014a) .
Experiments and methods
To determine the material properties Seebeck coefficient and conductivity of the ADM-processed films between 600 and 800 • C, a planar setup (in the following denoted as transducer) as depicted in Fig. 1 was used. The transducer exhibited four platinum electrodes and two gold-platinum thermocouples (TC1, TC2). Platinum (LPA 88-11S, Heraeus) and gold (DuPont 5744) pastes were screen-printed on alumina substrates (96 % Al 2 O 3 ). The Pt and Au leads were sintered at 950 and at 850 • C in air, respectively. In order to avoid an interaction between the BFATx thick films and contact pastes (Pt and Au) during the sintering process, the leads had already been contacted with wires before the films were deposited by the aerosol deposition method. The contacted substrates were fired at 950 • C for 20 min. Finally, dense BFATx thick films were obtained by ADM. A similar setup to simultaneously determine the electrical conductivity and the Seebeck coefficient of films can be found by Stöcker et al. (2016) . To form the aerosol and to transport the aerosol, nitrogen with a flow rate of 4 L min −1 served as carrier gas. A slit nozzle with an orifice size of 10 × 0.5 mm 2 was used. The shaking frequency of the vibration table was adjusted 400 min −1 and the distance between the nozzle and substrate was kept at 4 mm. With the X-Y stage, the substrate was moved at a velocity of 1 mm s −1 . By adjusting the process time, AD films with thicknesses between 3 and 5 µm were produced. After the coating process, the samples were heattreated at 850 • C for 3 h in air, which is just 50 • C higher than the maximum test temperature.
In order to determine the four-probe DC resistance of the films between the Pt contacts (current applied to outer contacts; voltage taken between the inner contacts with the distance s; see Fig. 1 ), a Keithley 2700 digital multimeter was used in the offset-compensated resistance measurement mode. The electrical conductivity σ (or the resistivity ρ) was derived from the measured resistance and the geometrical parameters (see Fig. 1 ) according to Eq. (3).
Here, s is the spacing between the Pt electrodes, R the measured resistance, and A the cross-section area of the sample (b · t), with the film thickness t, and the sample width b.
To measure the thermovoltage U GSF , an alternating temperature gradient over the specimens was generated using a separate heater that was placed some millimeters apart (see Fig. 1 ). A sinusoidal signal with a frequency of 10 mHz was applied to the heater and the thermovoltage U GSF (t) and the temperature difference T (t) between the two Pt contacts (determined by the two thermocouples TC1 and TC2) were recorded. From the slope in the U GSF vs. T plot, the Seebeck coefficient of the material vs. Pt can be derived.
It has to be corrected by the Seebeck coefficient of platinum, S Pt , at the sensor temperature (Eq. 4). For a more detailed description of the data evaluation, refer to Rettig and Moos (2009) . A similar procedure is described in Sect. 3.2 for the sensor device. In order to heat the gas sensitive film to operation temperature, the setup according to Fig. 1 was placed in a small tube furnace. Oxygen partial pressures pO 2 in the range of 10 −5 to 1 bar were varied using N 2 / O 2 gas mixtures. For low pO 2 values, water-saturated N 2 / H 2 (5 % H 2 in N 2 ) gas mixtures were used. An yttrium-stabilized ZrO 2 lambda probe was used to control the actual pO 2 close to the sensor. Detailed information about the calculation of pO 2 from the lambdaprobe data can be found in Moos and Härdtl (1997) . 
Results and discussion

Conductivity and Seebeck coefficient of BFATx
In a double logarithmic representation, Fig. 2 shows the electrical conductivity σ against the oxygen partial pressure pO 2 of BFATx AD thick films at 700 • C in the non-reducing range. Since the increasing tantalum content reduces the number of oxygen vacancies (Bektas et al., 2014b) , the electrical conductivity decreases. The electrical conductivity of samples increases with increasing pO 2 as expected for a ptype semiconducting oxide. The results are in good agreement with BFATx bulk materials (Bektas et al., 2014b) .
The relation between electron concentration n as well as defect electron concentration p (holes) and electrical conductivity for n-and p-type semiconductors are given by Eq. (5a) and (5b). Here, e denotes the electron charge, µ n the mobility of electrons, and µ p the mobility of holes. 
Similarly, the relation between n or p and the Seebeck coefficients S n and S p are given by Eq. (6a) and (6b) for a classical, nondegenerate semiconductor (Choi and Tuller, 1988) ,
and
where k is the Boltzmann constant, N C is the effective density of states in the conduction band, N V is the effective density of states in the valence band, and the respective transport parameters are denoted by A e and A h . A semilogarithmic representation of the Seebeck coefficient and pO 2 of BFATx thick films at 700 • C is shown in Fig. 3 . The samples have a positive Seebeck coefficient that decreases with increasing pO 2 , a behavior that is again typical for p-type electrical semiconductors. Figures 2 and 3 also reveal that both the electrical conductivity and the Seebeck coefficient of samples are pO 2 -dependent.
AD thick films with a composition of x = 0.3 (BFAT30) show a very interesting additional behavior. Not only the double logarithmic representation of the electrical conductivity vs. pO 2 is almost temperature-independent between 700 and 800 • C, as is revealed by Fig. 4a . The electrical conductivity of the sensor material shows almost a +1/4pO 2 dependence and increases with increasing temperature with a slight activation energy of 0.16 eV as can be derived from the slope of an Arrhenius-like representation (lgσ vs. 1/T ) at constant pO 2 (1 bar). Also the Seebeck coefficient of the BFAT30 AD thick film is almost independent of temperature between 700 and 800 • C but is strongly dependent on pO 2 as Fig. 4b shows.
These results demonstrate that a combined temperatureindependent oxygen sensor with both thermoelectric and resistivity independency may be obtained when using BFAT30 as the sensor material. The development of such a sensor will be reported on in the next section.
Combined thermoelectric-resistive oxygen sensor device
The experimental setup to determine the Seebeck coefficient of the films has been depicted in Fig. 1 . In this setup, the modulation heater and the measurement part including the sensor film and electrodes are separated. Although this setup is useful for materials' characterization, it is not appropriate for sensor application. Therefore, a similar sensor setup to that used in Rettig and Moos (2009) was used. The combined thermoelectric-resistive oxygen sensor is sketched in Fig. 5 . While the modulation heater was screen-printed on 96 % Al 2 O 3 substrate with dimensions 56 × 6.35 × 0.65 mm 3 , gold and platinum leads were screen-printed on a separate 96 % Al 2 O 3 substrate (50.08 × 6.35 × 0.25 mm 3 ). An equipotential layer (Au) was coated onto the reverse side of this substrate. The equipotential layer has been used to avoid crosstalk between the modulation voltage and the measured thermovoltage as explained in Rettig and Moos (2007a) . After preparation of these two separate substrates, they were bonded together using a commercially available insulation ink, dried, and fired. In contrast to the previously investigated DTEGS (Rettig and Moos, 2007a, b) , the gas sensitive film was formed using the ADM at room temperature. Moos et al. (2003) showed that during high-temperature firing, elements diffuse between the sensor layer and the alumina substrate. Therefore an additional diffusion barrier layer had to be applied when using a classical printing and firing technique. Sahner et al. (2009) investigated AD-prepared STF and pointed out that -since ADM is a room temperature coating method -there is no more need for such a diffusion barrier anymore. Figure 6 shows the applied sinusoidal voltage of the modulation heater U (bottom), the thermovoltage of the gas sensitive film U GSF , which is the sensor raw signal, and the temperature difference T , all as a function of time. The modulation heater was modulated with a periodic voltage U heater = U 0 · cos(2π · f mod,heater · t). Then, a temperature difference T = T T C2 − T T C1 on the sensor forms with a frequency f mod :
Since there is a quadratic relation between the heater power P and the applied modulation heater voltage (P = U 2 /R), the temperature difference T changes with the double frequency (f mod = 2f mod,heater ) (Rettig and Moos, 2007a) . Since 10 mHz modulation frequency was applied, T varied with a frequency of 20 mHz. It is obvious from Fig. 6 that there is no crosstalk between the sensor layer and the modulation heater. If one takes one data point of U GSF and T each second and plots them against each other, one obtains a straight line. This is shown in Fig. 7a for the recorded data of Fig. 6 (example for sensor operation temperature of 650 • C in O 2 ). Through a regression analysis, the slope can be determined. Applying Eq. (4) yields the Seebeck coefficient S. The thermovoltage of the gas sensitive film varies with changing temperature difference. This procedure was repeated 18 times with a period of 100 s for 30 min before a new oxygen partial pressure step was set at the same temperature. The maximal error of the Seebeck coefficient calculated from regression analysis is ±3.5 µV K −1 in N 2 and ±1.3 µV K −1 in 1 bar O 2 . The relative error in pO 2 is below ±1 %. Figure 7b shows the pO 2 dependence of the Seebeck coefficient of the BFAT30 AD thick film at 650 • C. Since the Seebeck coefficient is positive, in the high pO 2 range (pO 2 = 5 × 10 −5 -1 bar), a p-type conduction mechanism is prevalent. As can be seen, the sensor follows the stepwise changing pO 2 within a little less than 1 min (t 90 = 51 s). If one considers the volume of the sensor chamber including piping and the gas flow velocity, one obtains a typical time constant of 15 s, which is in the same order as the response time. So, it is assumed that the sensor response time is limited by the gas exchange of the gas supply and may be probably intrinsically even faster. Figure 8 shows the Seebeck coefficient as it depends on pO 2 and on the sensor operation temperature between 600 and 800 • C. Assuming a constant transport factor A h , and using Eqs. (5b) and (6b), the temperature dependence of the Seebeck coefficient for a nondegenerate p-type semiconductor (Eq. 8) can be written (Moos et al., 1995) as follows:
Thus, the Seebeck coefficient should increase by almost 298 µV K −1 per temperature decade for a typical p-type conductor. Moos et al. (1995) investigated the Seebeck coefficient of n-type Sr 1−x La x TiO 3 . They found an increase of the Seebeck coefficient of samples between x = 0.01 and x = 0.1 with a slope of −298 µV K −1 per temperature decade from room temperature to 900 • C. As expected, S decreases with increasing pO 2 but is -in contrast to the expected results for nondegenerate semiconductors -almost independent of temperature in the investigated temperature range. This independence of the Seebeck coefficient on temperature may be explained with a hoppingtype transport model, the so-called small polaron hopping mechanism (Tuller and Nowick, 1977) . Such a very low temperature dependence of the Seebeck coefficient has up to now not yet been found for other semiconducting materials for DTEGS. Only if one uses oxide-ion-conducting YSZ (zirconium oxide with 8 mol % Y 2 O 3 ), a negligible temperature dependence of the Seebeck coefficient has been observed. For ionconducting DTEGS, however, this can be explained easily, since what is really measured is the entropy, which is (at least at first order) independent of the sensor temperature (Röder-Roith et al., 2009) .
The sensor response was also determined in the pO 2 range between 10 −21 and 1 bar at 700 • C. In this case, the DC resistance of the sensor material was measured using the twoprobe technique (Fig. 5) . In addition, as can be seen from Fig. 5 , only point-like contacts were used. Therefore, instead of the electrical conductivity, the electrical conductance G (G = 1/R) was used. The pO 2 dependence of the electrical conductance, the Seebeck coefficient, and the obtained sensor characteristics are given in Fig. 9a, b , and c, respectively. Figure 9a and b show that the electrical conductance and the Seebeck coefficient of the ADM sensor film material change fast with a reproducible response to the chang- ing pO 2 , both in reducing and in oxidizing atmospheres at 700 • C. Since the sensor material shows an n-to p-type transition when the atmosphere changes from reducing to oxidizing (or vice versa), the Seebeck coefficient changes its sign. At high pO 2 (pO 2 > 10 −5 bar), the electrical conductance shows an oxygen sensitivity of dlgG / dlgpO 2 = m ≈ 0.24 according to the behavior of σ ∝ pO m 2 , while the Seebeck coefficient changes with a slope of −38 µV K −1 per decade of pO 2 at 700 • C. The theoretical expected value for nondegenerate p-type band-like semiconducting oxides with the slope m should be m × ln 10 × k/e ≈ −49 µV K −1 per decade pO 2 (Choi et al., 1986; Rettig and Moos, 2007a) . The reason for this difference may be attributed to the small polaron hopping mechanism in the valence band. By combining Eqs. (5b), (6b), and a pO 2 dependence of the electrical conductivity of σ ∝ pO m 2 , for a p-type semiconductor the relationship between the pO 2 and the Seebeck coefficient S p ∝ −m · (2.303 · k/e) · log pO 2 can be obtained. It can be easily seen that the pre-conditions for the derivation of −49 µV K −1 per decade pO 2 are that both the effective density of states in the valence band (N V ) and the mobility µ p of the defect electrons do not depend on pO 2 . This is definitely not the case if small polaron hopping prevails.
At low pO 2 (pO 2 < 10 −14 bar), the electrical conductance and the Seebeck coefficient change with pO 2 with a slope of m ≈ −0.23 and −21.2 µV K −1 per decade pO 2 , respectively. When considering the entire pO 2 range, it is clear that typical oxide materials that may be applied as temperatureindependent p-type resistive sensors cannot be operated without ambiguity since below the pO 2 of the intrinsic conductivity minimum, the sensor becomes n-type conductive and the conductivity increases again with decreasing pO 2 . As shown in Fig. 9b , the Seebeck coefficient also does not depend monotonically on pO 2 . In fact, it shows an S-like behavior, with the steepest slope around the intrinsic conductivity minimum (Jonker, 1968) . However, when combining both responses, i.e., the conductivity and the Seebeck coefficient, one may derive an unambiguous response, with the highest sensitivity in the medium pO 2 range. This is exactly the range in which modern gasoline engines have to be operated to achieve a high catalyst efficiency (Ivers-Tiffée et al., 2001 ) because around stoichiometric conditions (λ = 1; λ is the air-fuel-ratio), the pO 2 varies around 14 to 16 decades (Riegel, 2002) . The oxygen sensor should have a high response to pO 2 at this point. Although it is more complicated to determine the Seebeck coefficient than to measure just the resistance, the high sensitivity around λ = 1 is of great advantage.
It has to be noted here that it is not a new idea to use the Seebeck coefficient as the measurand. Basically, all metal oxides with oxygen equilibration kinetics that are fast enough can be applied. However, when using films of BFAT30, one gets the additional advantage that, in oxidizing atmospheres, the characteristics of both the conductivity and the Seebeck coefficient depend on pO 2 and both are almost temperatureindependent.
Conclusion and outlook
The first part of this study dealt with the electrical material properties of aerosol-deposited BFATx thick films. The Seebeck coefficient S and the electrical conductivity σ were investigated between 600 and 800 • C for different oxygen partial pressures between 10 −5 and 1 bar. BFAT30 was found to be a candidate material for a combined thermoelectricresistive oxygen sensor due to its very low temperature dependence of both the electrical conductivity and the Seebeck coefficient. In the second part, combined thermoelectricresistive oxygen sensors from BFAT30 with a special transducer and modulation heater were fabricated and tested. As expected from the material characterization data, the Seebeck coefficient of the sensor material is strongly dependent on the partial pressure of oxygen, but is almost temperatureindependent. The material can be operated even in very reducing atmospheres, with a low response time.
A temperature modulation frequency of 10 mHz, which has been chosen for this initial study, results in a period of 100 s. Since such a response time is too high for many practical applications (Rettig and Moos, 2007a) , the temperature modulation frequency has to be increased. Applying a method that is suggested in the literature ) is expected to reduce the measurement time by 2 or 3 decades.
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